A rapid, reproducible and efficient regeneration method was developed for chickpea (Cicer arietinum L.) using single cotyledon with half embryonal axis as explants. MS medium supplemented with 4 ìM TDZ, 10 ìM 2-iP and 2 ìM kinetin induced 50-100 adventitious buds/shoots after 14 days of culture and elongated on MS medium supplemented with 5 ìM 2-iP and 2 ìM kinetin. Healthy, strong and 100 % rooting was achieved by exposing cut ends of the shoots to 10 sec pulse treatment with 100 ìmoles/ml IBA followed by their transfer to liquid MS basal medium within 10-14 d. 2-3 cm long shoots were most suitable for rooting. Potting-mixture with good aeration and lesser capacity to retain water was most suitable for achieving successful establishment of chickpea plantlets. Garden soil mixed with sand (gravel) and bio-manure in the ratio of 1:1:1 is most suitable for achieving cent percent transplantation success. Cent percent of plantlets got acclimatized, survived in the pots and showed normal growth, development, flowering followed by podding and seeds setting. Harvesting of seeds was done after the pods were fully matured and dry. In this communication, we have demonstrated for the first time that shoot length, pulse treatment of cut ends of shoots with 100 ìmoles/ml IBA and aeration of potting mixture are key factors for rapid micro-propagation and successful establishment of chickpea.
INTRODUCTION
Chickpea is the world's third most important pulse crop and India accounts for 75 % of the world's production. Chickpea is good as a source of carbohydrate (48.2-67.6 %), protein (12.4-31.5 %), fat (6 %) and nutritionally important minerals. Among the legumes chickpea is the best hypocholesteremic agent, followed by black gram and green gram. Direct shoot organogenesis and establishment of plantlets from different explants of chickpea was reported earlier (Polisetty et al., 1996 (Polisetty et al., , 1997 Paul et al., 2000; Rizvi and Singh, 2000; Chauhan et al., 2003; Jayanand et al., 2003; Chakraborti et al., 2006) . Plantlets were developed through direct somatic embryogenesis and through callus from different explants of chickpea (Barna and Wakhlu, 1993; Sagare et al., 1993; Suhasini et al., 1994; Kumar et al., 1994 Kumar et al., , 1995 Rizvi and Singh, 2000; Chauhan et al., 2002; Kar et al., 1996 Kar et al., , 1997 Kiran et al., 2005) .
Inspite of several reports of successful regeneration, chickpea is widely considered to be highly recalcitrant (Shri and Davis, 1992; Vani and Reddy, 1996; Rizvi and Singh, 2000; Polowick et al., 2004) . Surprisingly, majority of published/reported chickpea regeneration protocols often are either not repeatable or work only in certain research laboratories, making researchers to believe that chickpea regeneration is highly recalcitrant. Two major hurdles that limit in vitro regeneration of chickpea are (i) induction and development of strong root system; and (ii) establishment of in vitro raised plantlets in pots. In order to escape from these hurdles, researchers have preferred to go for grafting (Krishnamurthy et al., 2000; Sarmah et al., 2004; Senthil et al., 2004; TewariSingh et al., 2004; Sanyal et al., 2005) . In general, grafting is tedious and time consuming requiring special skills. Moreover, grafting besides requiring additional seed lot, also might promote emergence of shoots/ branches from axillary buds that are often retained in the axils of cotyledons and the later might dominate over the grafted shoots.
Therefore, present investigations were carried to finetune the protocol for achieving strong root system and successful establishment of the in vitro raised plantlets. In this communication we have been successful in furnishing a perfect protocol for in vitro production of plantlets with strong root system and their successful establishment.
MATERIAL AND METHODS
The seeds of chickpea (Cicer arietinum L.) cv. PG 114 (gifted by Dr. S.S. Yadav and Dr. Jitender Kumar, Indian Agricultural Research Institute, New-Delhi, India) were treated with 0.2 % cetrimide for 5 min, rinsed thoroughly with double distilled water followed by treatment with 70 % ethanol for 3 min and 0.1 % mercuric chloride solution for 5 min. Finally the seeds were washed 5-6 times with sterile double distilled water under aseptic conditions prior to soaking overnight. Fourteen hour imbibed seeds were de-coated ( Figure 1A ) and germinated on shoot induction medium (SIM), consisting of MS medium supplemented with 4 μM TDZ, 10 μM 2-iP and 2 μM kinetin, for 6 d. Explants consisting of single cotyledon with half embryonal axis with plumular and radicular ends were excised from resulting 6 d old seedlings ( Figure 1B) were inoculated on SIM for further duration of 6 d. The explants were subsequently transferred to MS basal medium (i.e. devoid of growth regulators) for 10-15 d.
Elongation of Shoots
The adventitious buds/multiple shoot induced from the explants were excised from the bunch without any callus or globular structures and cultured on the shoot elongation medium (SEM), consisting of MS medium supplemented with 5 μM 2-iP and 2 μM kinetin, for 10 d. They were then routinely sub-cultured at an interval of 10-15 d on SEM.
Rooting
Two basic approaches were used for rooting elongated shoots varying in length from 3 to 8 cm in length based on several preliminary experiments in our laboratory. In the first approach, 3 to 8 cm long shoots were transferred to either semi-solid or onto Whatman filter paper bridges in liquid MS medium supplemented with 5 nmoles/ml (5 μM) IBA. In the second approach, the cut end of shoots were exposed to 10 sec pulse treatment with 100 μmoles/ ml (100 mM) IBA and were transferred onto Whatman filter paper bridges in liquid MS basal medium.
All the cultures were maintained at 25±2 o C with a light/dark cycle of 16/8 h. White fluorescent light with an intensity of 120 μmol m -2 s -1 was used for illumination.
Transplantation
The plantlets were carefully taken out from tubes, roots were thoroughly washed with tap water and transferred to small earthen pots (~8 cm diameter and 10 cm height) filled with potting mixture consisting of garden soil, sand and bio-manure (Khadi and Village Commission, Govt. of India) in equal proportion. Each pot with plantlet was initially covered with transparent polythene bag for 6 d. However, after 3 d the corners of the polythene bags were cut. Subsequently, the polythene bags were removed. After allowing the plants to grow further for another 6 d, the plants were carefully transferred to large earthen pots (30 cm diameter × 37.5 cm height) having garden soil, sand and bi-manure in equal proportion. Cent percent of plants got acclimatized, survived in the pots and showed normal growth, development, flowering followed by seed setting. Harvesting of seeds was done after pods were fully dried. 
RESULTS AND DISCUSSIONS
TDZ (Thidiazuron) is a substituted phenyl urea [1-phenyl-3-(1,2,3-thidiazol-5-yl)urea] that has immense potential as a cytokinin in shoot organogenesis in a large number of plant systems including legumes (Murthy et al., 1998; Shan et al., 2000; Ganeshan et al., 2003; Onamu et al., 2003; Mroginski et al., 2004; Sharma et al., 2005; Chen and Chang, 2006; Radhika et al., 2006) . Since, the observation made by Malik and Saxena (1992) TDZ has been noted to be the most promising cytokinin for shoot induction in chickpea by number of research teams (Barna and Wakhlu, 1993; Huetteman and Preece, 1993; Murthy et al., 1996; Rizvi and Singh, 2000; Jayanand et al., 2003; Senthil et al., 2004; TewariSingh et al., 2004; Kiran et al., 2005) . TDZ was most effective in inducing a large number of healthier shoots when used in lower concentration (~10 μM) as compared to higher concentration (Malik and Saxena, 1992; Murthy et al., 1995 Murthy et al., , 1996 Murthy et al., , 1998 Jiang et al., 2005) . Although exact mechanism of action of TDZ is not yet clear, it is believed to be involved in regulation of endogenous levels of various growth regulators (Malik and Saxena, 1992) .
Despite its high efficiency to enhance shoot induction, use of TDZ has not become popular due to its immense toxicity resulting in the formation of deformed shoots, whenever it is used above threshold levels and/or for prolonged duration (Devlin et al., 1989; Onamu et al., 2003; Sharma et al., 2005) .
Explants consisting of single cotyledon with half embryonal axis obtained from 6 day old seedlings ( Figure  1B ) on MS medium supplemented with 4 μM TDZ, 2 μM kinetin and 10 μM 2-iP was found to be good for producing optimal shoot/adventitious buds from the explants. Embryonal axis attached to cotyledon showed significant swelling and exhibited initiation of shoot induction within a duration of 6-8 d ( Figure 1C) . Use of TDZ with purine ring containing cytokinins such as kinetin, BAP and 2-iP has been shown to promote the formation of a large number of healthy shoots (Eisinger, 1983; Mroginski and Kartha, 1984; Radhika et al., 2006) . In order to avoid negative impact of TDZ in the formation of shoots, it was found wise to transfer the explants immediately after shoot induction event to a medium devoid of TDZ. Cytokinin such as 2-iP and kinetin are well known to promote rapid shoot multiplication (Jayanand et al., 2003; Kiran et al., 2005) . Even in our investigation TDZ at 4 μM in combination with 2-iP (10 μM) and kinetin (2 μM) was found to be optimal for the expansion of meristematic zone followed by shoot induction. Subsequent to the transfer of the cultures onto MS basal medium i.e. growth regulator free medium emergence of a large number of adventitious shoots/ buds from all over the surface of the swollen embryonal axis was recorded within 7-15 days. In general 50-100 shoots arose from each explant within a time period of 15 days ( Figure 1D ). The induced multiple shoot/ adventitious buds were excised from the bunch, without any callus or globular structures and cultured on the shoot elongation medium (SEM) consisting of MS medium supplemented with 5 μM 2-iP and 2 μM kinetin for 10 d. They were then routinely sub-cultured at an interval of 10-15 d on SEM. (Figure 1E ).
Gibberellins promote elongation of shoots (Jayanand et al., 2003) , but during present investigation it was realized that the shoots transferred to plant growth regulator free medium have potential to synthesize and maintain desired endogenous levels of gibberellins and other auxins. Although, elongation of shoots was promoted on MS medium supplemented with various cytokinins in combination with GA 3 , stronger/healthy elongated shoots were obtained on MS medium supplemented with kinetin and 2-iP in absence of GA 3 . GA 3 promoted elongation of the shoots but the shoots were weak with more inter-nodal elongation. Therefore, for subsequent experiments shoot elongation was achieved on MS medium supplemented with kinetin in combination with 2-iP.
In general, it is widely accepted that apical meristems are strong zones for synthesis of auxins (IAA). Therefore, exogenous application is often found to be deleterious. IAA is photosensitive and gets degraded under light. Interestingly, Chakraborti et al. (2006) have reported that IAA at low concentration can bring about shoot elongation. Based on the findings of the present investigation we can authentically state that exogenous application of neither auxins nor gibberellic acid is necessary and rather should not be encouraged. Therefore, the use of IAA in the medium for the elongation of shoot is not advisable.
Development of strong root system
One of the major hurdles that limit in vitro regeneration of chickpea is the induction and development of strong root system. This compelled several researchers to adopt to grafting (Krishnamurthy et al., 2000; Sarmah et al., 2004; Senthil et al., 2004; Sanyal et al., 2005; Chakraborti et al., 2006) . However, grafting is time consuming, requires special skills and the success rates vary significantly. Roots induced from cut ends of shoots of chickpea were shorter in length in semisolid medium as compared to liquid medium, similar to the earlier reports (Jackson et al., 1991; Cournac et al., 1991; Ebrahim and Ibrahim, 2000; Hazarika, 2006) . The retardation in root length in the semisolid medium may be attributed to the relatively lower aeration in agar-gelled medium as indicated by earlier researchers (Hazarika, 2006; Pati et al., 2006; Rout et al., 2006) . Kat et al. (1996 Kat et al. ( , 1997 rooted chickpea shoots in rooting medium consisting of MS salts, MS vitamins and 0.05 mg/l IBA and subsequently transferred the plantlets to half-strength MS medium containing 20 g/l sucrose. Polowick et al. (2004) used rooting medium consisting of B5 basal salts and vitamins supplemented with 1 μM NAA for rooting chickpea shoots and subsequently shoots with short roots were transferred to Magenta vessels containing B5 salts and vitamins and 0.7 % agar until root system well established in 1-3 weeks while those with roots longer than 3 cm were transferred directly to soil. However, frequency of rooting was only 10-60 % (Polowick et al., 2004) . Although, Jayanand et al. (2003) reported high frequency rooting and transplantation success, the protocol adopted by them is time consuming involving three specific phases viz. i) rooting of shoots on liquid MS medium with 9.4 mM KNO 3 , 2 % sucrose and 5 μM IBA for 2 weeks on filter paper bridge, ii) pulse treatment of un-rooted shoots with 100 μM IBA and culturing on filter paper bridges in liquid MS for 2 weeks, and iii) transfer to hypotonic system containing 1/4 th Arnon solution with 3 μM IBA for 2-3 weeks. Even during present investigations, shoots could be rooted in MS medium with 5 μM IBA, but the roots developed were relatively weaker and required 15-20 d. However, 10 sec pulse treatment of cut ends of shoots of chickpea with 100 mM (i.e. 100 μmoles/ml) IBA lead to root induction within 4 d and subsequently resulted in the development of strong root system within 10-12 d in liquid MS basal medium (Figure 2A-C) . Some of the plantlets with strong root system showed flowering when retained in tubes for longer duration ( Figure 2D ).
Successful establishment of in vitro raised plantlets
Another major hurdle limiting chickpea regeneration is the establishment of in vitro raised plantlets in pots/ field. This is another major reason behind preference for grafting. The plantlets with shorter length have higher potential to withstand transplantation shock and establish better in pots. It has been reported earlier that the root to shoot ratio has an important role in the successful establishment of in vitro raised plantlets (Subhan et al., 1998) . Understandably, shorter shoot area will reduce excessive loss of water leading to rapid loss in turgidity of the plantlets (Munns, 2002) . During present investigations plantlets with shoot length of 3 to 5 cm survived better than the plantlets with longer shoot length. Many of the plantlets with longer shoot length failed establish even if the shoots were stouter, as they tend to collapse/lodge and die within few days after transplantation to pots.
For transplantation of plantlets various potting mixtures were used. These include autoclaved/sterile (Indurker et al., 2007) and non-autoclaved/non-sterile soil, soilrite, manure, vermiculite, soilrite + garden soil (in the ratio of 1:1), soilrite + garden soil + manure (in the ratio of 1:1:1), commercial soil mixture (Sunshine No. 4, Sun Gro Horticulture, Bellevue) (Polowick et al., 2004) . In all these cases the successful establishment rate was very low. We account failure in these particular cases to excess moisture, high degree of water holding capacity of potting mixture. During our investigations, potting mixture consisting of the garden soil mixed with sand (gravel) ( Figure 3A ) and bio-manure (Khadi and Village Commission, Govt. of India) in the ratio of 1:1:1 ( Figure  3B ) is most suitable for achieving cent percent transplantation success. Chickpea is well known to be susceptible to flooding and excess moisture (Yadav et al., 2006) . Under high moisture condition chickpea is prone to fungus and wilt diseases (Yadav et al., 2006) . During the present investigations, we did not find autoclaved soil mixture in any way to be an essential requirement for the establishment of in vitro raised plantlets of chickpea. Instead we realized that improving aeration/porosity of potting mixture by mixing sand is highly beneficial. Chickpea grows best on fertile sandy, loam soils with good internal drainage (Yadav et al., 2006) . Good drainage is necessary because even short period of flooding, water logging soil, moisture reduces growth and increases susceptibility to root and stem rots and heavy rainfall season shows reduced yields due to disease outbreaks and stem lodging problem from excessive vegetative growth (Yadav et al., 2006) . Some of the stages involved in transplantation of in vitro raised plantlets and their successful establishment in smaller and larger earthen pots is shown in Figure 3 .
Another important factor that often limits regeneration and successful establishment of in vitro raised plantlets of chickpea is the season (i.e. month of the year) when these are attempted. Best and cent percent establishment success followed by good seed set is achieved when the in vitro raised plantlets of chickpea are transplanted during October and November months (i.e. beginning of winter). As is evident from the Figure 3 , the plants transferred during January possessed lesser vegetative growth and branching (Figure 3 F) as compared to the ones transferred during the months of October and November (Figure 3 G and H) . Over all vegetative growth including number branches followed by flowering, pod setting and seed production was superior in the plants obtained from the plantlets transferred to pots during October and November.
In summary, we have developed a simple and perfect protocol for successful rooting of shoots and establishment of in vitro raised plantlets of chickpea.
Successful establishment of in vitro raised well rooted plantlets depends upon two basic factors viz., (i) shoot length of the plantlets and root to shoot ratio; and (ii) potting-mixture with good aeration and lesser capacity to retain water. During our investigations, cent percent of the plantlets with shoot length of 3 to 5 cm potted in garden soil mixed with sand (gravel) and bio manure in equal proportion, established perfectly and set seed.
